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M0JIO)KEHHE TOYKHM OTPHIBA OKa3bIBAET BIMSHHME HA PACIPENCIICHHE JABJICHHUS B JJOHHOW YacTH
LWIMHAPA W Ha WHTETPalbHBIC a’pPOAMHAMHYCCKHE XapaKTepUCTHKU. lIpumeHeHne Mojenu
repexo/ia MO3BOJISIET a/IEKBAaTHO BOCIIPOM3BECTH JIAMHHAPHBIN OTPBIB BOJIM3U TEpEeIHEH KPOMKH
poduist ¢ TOCIEIYIOMNM ero IpucoeTuHeHneM. [IpruMenene ogHoN ToiabpKo Monenu Spalart-
Allmaras npuBOJUT K U3JHIIHEW reHepauun TypOyIeHTHOH Bsi3KocTH. [lokazaHo, 4TO IPHUMEHEHUE
y-Rey MOIENH JIAaMUHAPHO-TYpOYJICHTHOTO Tepexoja KauyeCTBEHHO W KOJIMYECTBEHHO YJIydIlacT
pe3yIbTaThl YUCIEHHOTO MOJIEHPOBaHy. [10TydeHHbIe Pe3yIbTaThl YHCICHHOTO MOACITUPOBAHHUS
oOTeKaHWs KPYroBOro IIWJIMHApa u adpoamHammueckoro mpoduiasi NACA 4412 xopomro
COTJIACYIOTCS € 9KCIIEPUMEHTAIBHBIMH JaHHBIMHU B IIMPOKOM JIHania3oHe yrcen PeiiHomnbaca.
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THE RECALCULATING TECHNIQUE THE HEAT-HYDRAULIC
CHARACTERISTICS OF DIRECT-FLOW CYLINDRICAL STEAM
GENERATORS OPERATING ON A FREON COOLANT, WITH THE
BOUNDARY CONDITIONS OF THE SECOND KIND FOR THE
BOUNDARY CONDITIONS OF THE FIRST KIND

The article is devoted to the development of a method for recalculating the thermal-hydraulic
characteristics of direct-flow cylindrical steam-generating channels operating on a Freon coolant from
the boundary conditions of the second kind for the boundary conditions of the first kind. The need for
the development of such recalculation procedure is due to the presence in the literature of calculated
dependences describing the heat transfer during evaporation of the coolant in porous channel for
boundary conditions of the second kind, while the practical plan problems are often conditioned by other
boundary conditions, in particular boundary conditions of the first kind.
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To clarify the essence of the recalculating method, the article briefly summarizes the calculated
dependencies for computation of heat transfer and pressure drop in steam generating smooth-walled
channels operating on a Freon heat carrier. The proposed method of recalculation is based on the use of
the method of successive approximations when calculating the total amount of heat that is necessary for
the phase transition process of evaporation. The final goal of the recalculation technique was to create a
program for calculating the heat-hydraulic efficiency of direct-flow cylindrical steam generators
operating on a Freon coolant. The proposed recalculation technique makes it possible to calculate in such
steam generators for boundary conditions of the first kind next thermal-hydraulic characteristics: the
channel length necessary for complete evaporation of the heat carrier; power required for pumping the
coolant and the total amount of heat transferred to the coolant during the evaporation process.

Keywords: direct-flow cylindrical steam generators operating on a Freon coolant, recalculation of
thermo-hydraulic characteristics from boundary conditions of the second kind for boundary conditions of the
first kind; channel length required for complete evaporation of the coolant; the total amount of heat transferred
to the coolant during the evaporation process; power required for pumping the coolant.

CrarTsl npucBsAYeHA Ppo3podui MeToAy IepepaxyHKY TeILIOriIpaBJiYHHX XapaKTePUCTHK
NPSIMOTOYHHMX HUJIIHAPHYHHUX MAPOreHePYIUYHX KaHATIB, 10 NPALNIITH Ha (pPeoHOBOMY TelJIOHOCII, 3
rPAaHMYHUX YMOB JpPYroro poay Ha IrpaHu4Hi ymMoBH nepumoro poay. HeoOxinnicts po3podkm nanoi
MeTOMKHM O00yMOBJIeHA HasIBHICTIO B JIiTepaTypi PpO3paxXyHKOBHX 3ajleKHOCTei, 10 ONMHCYIOTh
TenJo000MiH NPU BUNIAPOBYBAHHI TeNJIOHOCIsI B MOPUCTUX KAaHAJAX VISl TPAHMYHUX YMOB JIPyroro poay,
B TOW 4ac, fIK 3aBJaHHSl NMPAKTHYHOIO IJIAHY 4YacTo 00YMOBJeHi iHIIMMH TPAHUYHHUMHU YMOBaMH,
30KpeMa, PAHUYHUMHU YMOBAMH IepHIOro poay. JIis mosicHeHHsI CyTi MeTOAY NepepaxyHKy B CTATTi
KOPOTKO HaBeJeHI PO3PaXyHKOBi 3a/1€KHOCTI Il 004YHC/IeHH TelJ000MiHy i mepemagy THCKY B
IJ1aIKOCTIHHUX APOreHEPYIOUYHX KaHAJIAX, AKi IPAIIThL Ha ¢ppeoHoBoMy TemioHocii. [IpononoBanmii
crocid mepepaxyHky 3aCHOBAHO HAa BUKOPHCTAHHI MeTOAY MOCJTiIOBHUX HAOJIHKEHb NMPH 00YMCIEHHI
3arajbHoOl KIIBKOCTI Temja, 10 NOIVIMHAETHCS TeIUIOHOCiEM B mpoueci ¢a3oBoro mnepexoay
punapopyBaHHs. KiHleBoro MeT010 MeTOINKH NepepaxyHKy 0yJI0 CTBOPEHHs IIPOrPaMH 10 004YHCIeHHIO
TenioriapasJiiyHoi e¢eKTUBHOCTI MPSIMOTOYHUX UMJIIHAPUYHHUX NAPOreHEepPaTopiB, IO NPALIOIOTH HA
¢ppeonoBomy Temaonocii. [IponoHoBaHa MeToAMKA TNepepaxyHKy A03BOJISAE€ O0YUCIIOBATH B JaHUX
naporeHepaTopax Ajs rPAHUYHUX YMOB NEpPIIOro PoAy TaKi TemIoriipaBJiuHi XapaKTepUCTHKH, K
JOBKHHA KaHAJTY, HeoOXilHA /ISl IIOBHOT0 BHIIAPOBYBAHHS TEILIOHOCIfA; IOTY/KHICTh, HeOOXiqHA 1Js
NPOKAYyBAHHS TEIIOHOCIAA I 3arajbHa KiIbKIiCTh Tellla, IO HepeAacTbCsl TEIJIOHOCII0 B mpoueci
BHIIAPOBYBAHHSI.

KurouoBi ciioBa: psiMOTOYHI IIMITIHAPUYHI TTApOreHepaTopy Ha pPEOHOBOMY TEIIIIOHOCIT, TIepepaxyHOK
TEIUIOTiAPABIIIYHNX XapAKTEPUCTHK 3 IPAHMYHUX YMOB JPYroro pojy Ha IPaHHYHI yMOBH IEPLIOTO POAY;
JOB)KMHA KaHally, HEOOXigHa JUlsi IOBHOI'O BHMIIAPOBYBAHHS TEIUIOHOCIS; 3arajbHa KUTBKICTh TEIUIa, IO
HepelaeThCsl TEIUIOHOCII0 B MPOIECi BUIIAPOBYBAHHSA; MOTY)KHICTb, IO BHUTPAYa€ThCSs HA IMPOKAYyBaHHS
TETIIIOHOCSI.

CraTbsl NOCBSIICHA pa3padoTKe MeTOAa Mepecdéra TEMIOTHIPABIMYECKHX XAPAKTEPUCTHK
NPSAMOTOYHBIX NWJIMHIPHYECKHUX MAPOreHEPHPYWINMX KaHAIO0B, padoTalInUX Ha (pPeoHOBOM
TeIUIOHOCHTeJIe, ¢ TPAHMYHBIX YCJIOBHUI BTOPOr0 poOAa HA IpPaHHYHbIC YCJOBHSl MEepPBOro poja.
Heo0xonumocTh pa3padoTKH AaHHOH MeTOJUKH O00YCJIOBJICHA HAJIM4YHeM B JIUTepaType PacdéTHBIX
3aBHCHMOCTeEH, ONMMCHIBAIOLIUX TeN1000MeH NPH HCIAPeHNH TeMJIOHOCHTE/Is B IOPUCTBIX KaHAIaX JJIs
TPAHNYHBIX YCJI0BHII BTOPOI0 Posia, B TO BpeMsl KaK 3a/1a4i NPAKTHYECKOro0 MJIaHa YacTo 00yCI0BICHbI
JAPYrMMH TPAHUYHBIMH YCJIOBHUSIMH, B YaCTHOCTH, IPAHHYHBIMH YCJOBHAMH mNepBoro poxa. Jlis
MOSICHEHUsI CYTH MeToJa IepecuéTa B cTaThbe KPaTKO NpHBeIeHbl PacYéTHbIE 3aBHCHMOCTH [JIs
BBIYHCJIEHUs] TeMI1000MeHa W mepemnajga JaBjeHHs] B IVIAJKOCTEHHBIX MapOreHepHPYIOINNUX KaHAJAX,
padoralommux Ha ¢peoHoBOM TemiaoHocTesne. IIpensaraemplii crmocod mnepecyéra OCHOBaAH Ha
HCIO0JIB30BAHMHM METO/Aa IMOC/IeI0BATEIbHBIX NMPHUOINAKEHNH NPU BBIYMCJICHHH MOJHOI0 KOJIHYecTBa
Teluia, MOIJI0IAeMOro TeIVIOHOCUTeIeM B npouecce ¢a3oBoro nepexoiga ucnapenns. Koneunoii nenbro
MeTOAMKH TMepecyéTa SIBJISJIOCH CO3/laHHe NPOrpPaMMbl IO BBLIYHCJIECHUIO TeNJOTHAPABJINYECKOI
3()(PeKTHBHOCTH NPSIMOTOYHBIX IMJIMHAPHYECKHX MAaporeHepaTopoB, pa0doTalIIUX Ha (peoHOBOM
TenioHocutene. Ilpennaraemass MeToAMKAa mepecuéTa MO3BOJIsieT BBIYUCIATHL B JIAHHBIX
naporeHeparopax /sl TPAaHMYHBIX YCJIOBHMiIi TepBOro pojaa TakHe TeIJIOrHIpaBIHYecKHe
XapaKTePHCTHKH, KaK /UIMHA KaHajIa, Heo0XoauMasi 151 TMOJHOr0 HCIAPEeHUs TeMJIOHOCUTEs;
MOIIHOCTb, HEO0X0ANMAs /Il IPOKAYKH TEILIOHOCUTE/IsS M MOJIHOe KOJIMYeCTBO TeIlla, epejaBaeMoe
TEeIVIOHOCHUTEJII0 B IIpoLecce HCapeHusl.

KuroueBble clioBa: IpsIMOTOYHBIE IIMIIMHPHYECKUE NTAPOTeHEPaTOPhl Ha (PPEOHOBOM TEIIOHOCHUTEIIE;
nepecuéT TEMIOrUIPaBINIECKUX XapaKTEPUCTUK C TPAHMYHBIX YCIIOBHH BTOPOTO POJia HA TPAHUYHBIE YCIIOBUS
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MEpBOro poaa, AJIMHA KaHala, HGO6XO)1HM35[ JUISL TIOJIHOT'O HUCHap€HUs TCIVIOHOCUTEIIS; IOJIHOE KOJIUYECTBO
TCIJia, nepeaaBacMo€ TCIUIOHOCUTEIIO B IPOUCCCE HUCIAp€HHUs; MOIIHOCTb, 3aTpaduBacMasl Ha MPOKadKy
TEIJIOHOCUTEJIA.

Introduction. An important problem in modern conditions of industrial development
is the issue of conservation of energy resources. One of the ways to solve this problem is
to create energy-efficient refrigeration and air-conditioning equipment using porous
evaporative channels.

When creating methods for calculating the thermal characteristics of tubular Freon
evaporators of refrigerating machines, the boundary conditions of the second kind were
usually used, i.e. the constant value of the specific heat flux on the channel wall was set.
However, to obtain a positive energy effect when using heat transfer intensifiers in the
evaporators of refrigerating machines is possible only under boundary conditions of the 1st
or 3rd kind. To do this, we consider the method of recalculating the thermal-hydraulic
characteristics of smooth-wall tubular Freon evaporators from the boundary conditions of
the 2nd kind for the boundary conditions of the 1st kind. Before set out the recalculation
methodology, let present the calculated dependencies for describing the thermal and
hydraulic

Heat transfer in a cylindrical smooth-wall channel. According to [1], the average
heat transfer coefficient during boiling of Freon in the channels can be calculated using the
formula by Bogdanov S.N. :

o= Aqo’6 (wp)o’2 dl;lo’z, (1)

where o [kW/m?K], q [kW/m?]; pw is the specific mass flow rate of the cooler [kg/m?s]; din
— internal diameter of the channel, [m].

To calculate the coefficient A, depending on the type of Freon and boiling
temperature, the following reference table is recommended in [1]:

Table 1
Data for calculate the coefficient A[1]
. Boiling temperature to, °C
Refrigerant 30 10 0 10 30
RI11 0,0208 0,0300 0,0341 0,0382 0,0498
R142 0,0372 0,0461 0,0514 0,0568 0,0710
R12 0,0536 0,0659 0,0719 0,0776 0,0928
R22 0,0599 0,0738 0,0833 0,0928 0,1170

Here R11, R142, R12, R22 are respectively the names of the refrigerants Freon 11, Freon
142, Freon 12, Freon 22.

Formula (1) takes into account the various flow regimes that occur when the vapour
content varies along the length of the evaporator from x = 0 to x = 1. The range of
application of the formula (1) is: q = 0.6 + 25 kW/m?%; wp = 50 + 600 kg / m? s.

Calculation of pressure drop during the evaporation of Freon in a cylindrical
smooth-walled channel. When Freon is evaporated in a cylindrical smooth-wall channel,
the pressure drop is calculated, according to [1], using the simplified Bo-Pierre equation to
completely evaporate the refrigerant:
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AP(O) = fV”'XaV (1 / din) (PW)2= (2)

where AP [kPa], f is the coefficient of full hydraulic resistance, taking into account
friction losses, acceleration and flow turns. For pure refrigerant f = 1,5 10, and in the
presence of oil f=3,5107; v” is the specific volume of the refrigerant saturated steam,
m’/kg; X — the average steam content. Since the calculation assumes the complete
evaporation of Freon, we take x,, = 0.5.

Calculation scheme for computation the thermo-physical and hydraulic
characteristics of a Freon direct-flow evaporator for the boundary conditions of the
1st kind. Consider the calculation procedure for a smooth-wall direct-flow steam generator
with Freon coolant. Since for this case in the literature is specified the coefficient of heat
transfer, which is average over the length of the evaporation zone, so the order of
calculation such quantities as the channel length required for evaporation of the heat carrier;
the amount of heat necessary for evaporation phase transition and the pressure drop
required for pumping the coolant will look like this:

1. From the working range of heat flux values used in formula (1) q = 0.6+25 kW/m?,
© L 0

)+
we choose the average value for the zero step of iteration qg,),) = w ~ 12 kW/m?,

Here, the superscript (0) indicates the iteration step.

2. We calculate the average heat transfer coefficient along the length of the evaporator,
using the formula

al) = 4¢Q (wp)*? d ;0% | 3)
or, considering that
wp = (%) ; 4)
we get
a® = 4q° %)0,2 402 )

Since the channel wall thickness is neglected during the calculations, we accept
din =d. The value A at the zero step of iteration is calculated based on the value of the
saturation temperature of the coolant ty at the inlet to the channel. The value of the dynamic
viscosity p at the zero iteration step is found from values of temperature and pressure of
the coolant on the saturation line at the inlet to the channel (to, Po).

3. Based on the average value of the specific heat flow q.'”’ adopted at the zero step
of iteration, we calculate the length of the smooth-wall evaporator tube from the following
relations:

Q(O) = qav(()).ndl(O) : (6)

Q= sirr ; ()
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o_ 00 _ sr

- (8)

ndq(o) ndq(o)

. nd? . .
Since m =pWFcross section= PW* o and taking into account (4), we obtain:

Regu, nd 2
=) ©
o — Reokor (10)

4Qav

Here m — is the mass flow rate of the coolant, kg/s; r — is the specific heat of vaporization,
J/kg.

4. According to the simplified Bo-Pierre equation [1], [2], we calculate the pressure
drop for complete evaporation of the coolant:

AP(O) = fV" * Xav (l/d)(pw)2 (1 1)

The value of the parameter f, according to the data of [4], for pure Freon, without oil, is
assumed to be f=1,5-10". The value of v”= (1/p”) — is the specific volume of steam on
the saturation line, so we take it at temperature and pressure at the inlet to the channel. The
value of the average steam content along the channel length (determined from the mass
flow rate) is taken equal to x,, = 0,5.

5. We calculate the pressure at the exit of the channel at the zero step of iteration:

0) _ 0
PG =Ry — AP (12)

The subscript (2) refers to the output section.

6. Based on the pressure value P(( ))2 , we determine the saturation temperature in the

output section at the zero step of iteration:
( s) 2= =/ ( )2 ) (13)
For this, for example, reference data [3] can be used.

7. We calculate the average temperature head on the basis of the values of the
temperature heads at the inlet and at the outlet of the steam generating channel:

A 1 A
At O=ty, —to; AL =ty - T(go))Z ’ Atgv =—1 ) : (14)
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The subscripts 1 and 2 refers respectively to the input and output sections.

8. We determine the value of the average specific heat flux at the zero step of
iteration, based on the average temperature difference at the zero step of iteration Aty

qav(o-l) = aaV(O). AtaV(O) (15)

9. We find the total amount of heat perceived by the channel based on the average
specific heat flux q.*"" and the length of the channel 1”) that were obtained at the zero step
of iteration:

0V =gV - mat® (16)

10. We compare the value of Q" with the value of Q.” and we calculate the
value of the relative error of mismatch:

Q(O—l) _ Q(O)

A(O):T'IOO% (17)
Q _

11. If the value A” <1 %, so we consider that there are already detected next required
quantities: the length of the smooth-wall steam-generating channel Iy, the average specific
heat flow qav and the pressure drop AP.

12. If the value A > 1%, so in this case we take

0-1 , (0)
q +q
qav(l) =tav  7Tav (18)
2
13. We calculate the average temperature in the channel
(0)
Lo +T
(= 92 (19)

2

14. We determine the value of the coefficient A to calculate by the formula (5) in the
first step of iteration, based on the value ta, i.e.

AD = f(t,V) (20)
Superscript (1) denotes an iteration number.

15. Next, we calculate the average value of the heat transfer coefficient in the
evaporation channel in the first iteration step

Re _
ol = A0 g Rz g-02 o
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We take into account that the calculation of all thermo-physical quantities in the channel

Reouo)og
d

(except for the complex ( ) at the first iteration step is made based on the average

temperature of the cooler that is on the saturation line.

16. After that we compute the length of the smooth-wall evaporative channel in the
first iteration step

= Reotorr (22)
4q4)
17. Then we find the pressure drop in the first step of iteration
AP = fv7 -xqy -(17/d)- (pw) (23)
or

APD = 77, - (1V/d)- (—Reg“o )2 (24)

18. Further, we determine the pressure and temperature on the saturation line in the
outlet section of the evaporating channel

M _ oM _ep®
Pl =Po— APV T, = [(B,) - (25)

19. Next, we calculate the temperature head in the inlet section and temperature head
in outlet section of the channel, as well as the average temperature head along the channel
length:

) _ . . _ M
At =ty — to; At z—tw*T(S)z

A 4 Al

1
Y

(26)

20. After this, we calculate the value of the average specific heat flux in the channel
at the first iteration step based on the value of At,, " :

q((llv—l) = At D 27)
21. Then we find the total amount of heat perceived by the channel based on the

average specific heat flux q.""" and channel length 1 that were obtained at the first
iteration step:

0" =g nat® (28)

22. We compare the value of the total amount of heat perceived by the channel,
obtained by calculating at the first iteration step, with the value of the amount of heat
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required for evaporation of a given coolant flow rate and calculated from the values of
thermo-physical properties of the flow at the channel entrance:

| 0D _g©
AV="_ 100 % (29)

23. If the value A" < 1%, we stop the computation process and take the values of
10, g{=D and AP as final.

If the value of A")> 1%, we organize the calculation at the second iteration step in the
same way as the first iteration step, starting with formula (18) to formula (29), etc.

Conclusion. The above recalculating technique allows the calculation of the thermal-
hydraulic characteristics of direct-flow cylindrical steam generators operating on a Freon
coolant for boundary conditions of the first kind. This technique was created for the purpose
of subsequent calculations of the heat-hydraulic efficiency of direct-flow cylindrical steam
generators and was implemented in the form of a calculation program.
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YK 539.3
T. JI. Jlemuenko, E. B. CemeHeHKO
HUcemumym eeomexnuueckou mexanuxu um. H.C. [onaxoea HAH Ykpaunoi

TEOPETUYECKOE MOJEJMPOBAHUE BE3HATIOPHBIX TEYUEHUI
JKUJIKOCTHU C PACTEHUSIMU, IIJIABAIOIIIMUMHA HA CBOBOJHOM
MHOBEPXHOCTH

IIpensioikena MaTeMaTuyeckast MoJeJIb TeUEHHUSI KUAKOCTH B KaHAaJIe MPSIMOYT0JILHOI0 CeYeHHUsI
U B NIPyAKe-0CBeTIUTE/Ie ¢ PACTEHUSIMH, IJIABAIOIIMMHU Ha CBO0OAHON noBepxHocTH. MaTeMaTHYecKkast
MO/JeJb OCHOBAHA HAa MCNOJb30BaHHU ypaBHeHusi Hapbe-CTokca ISl MJIOCKOH 3aJa4yM MeJIeHHOr0
CTAIIMOHAPHOTO TeYeHHs] BJ3KOH JKUAKOCTH B ABYX 00JaCTAX: CBOOOAHBIH 0e3HANOPHBIH MOTOK
“KHAKOCTH M MOTOK KUJAKOCTH B MOPUCTOM cJio€e, 00pPa30BAHHOM KOPHSIMH I'MALMHTOB, MJIABAIOIINX HA
NMOBEPXHOCTH KUAKOCTH. /[aHO OCTpoeHne MaTeMaTHYecKoii Mo/iesin 6e3HANOPHOr0 TeYeHHs KUAKOCTH
¢ pacTeHMsAMH, NJIABAIOIIMMH HA CBOOOJHOI MOBEPXHOCTH, U ONpeeeHUsI CKOPOCTH TeYeHHs BOIbI B
3aBHCHMMOCTH OT NMapaMeTPOB INPHIOBEPXHOCTHOrO CJIOsI, I/ie COCPeI0TOYeHbl KOpPHEBbIE CHCTEMbI
pacrenmii.
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